The effect of absorption in diffusing wave spectroscopy (DWS) was studied using an absorptiondependent diffusive equation for describing the light propagation within a turbid liquid where dielectric microspheres have been embedded. Here, we propose an expression for the time-averaged light intensity autocorrelation function that correctly describes the time fluctuations for the scattered light, in the regime where the diffusion approximation accurately describes the light propagation. This correction was suspected previously, but it was not formally derived from a light diffusive equation. As in the case of no absorption, we obtained that time fluctuations of the scattered light can be related to the mean square displacement of the embedded particles. However, if a correction for absorption is not taken into account, the colloidal dynamics can be misinterpreted. Experimental results show that this new formulation correctly describes the time fluctuations of scattered light. This new procedure extends the applicability of DWS, and it opens the possibility of doing microrheology with this optical method in systems where absorption cannot be avoided.
Introduction
Information about the static and dynamic properties of colloidal particles in liquid suspensions, artificially embedded or the product of self-assembly, is usually obtained from dynamic light scattering on length scales comparable to the size of these particles. In concentrated suspensions, this technique cannot be applied due to strong multiple scattering of light. In the early 1990s, diffusing wave spectroscopy (DWS) was introduced to deal with systems with strong multiple scattering, where a diffusion model can be used to describe the propagation of the light across the sample. Here, the sample is made of the fluid of interest, usually a complex fluid, and probe particles are incorporated into the fluid to scatter light. Using such a diffusion approximation, it is possible to connect the temporal field fluctuations of the scattered light emerging from the strong scattering media to the dynamic processes of the probe particles that scatter light moving within the complex fluid [1] [2] [3] [4] [5] . Although DWS does not yield explicit information on the q dependence of the so-called dynamic structure factor of the particles, it is capable of providing unique information on particle motion at very short time scales. Fluctuations of the scattered light measured in transmission result from the variation of the total path length by a wavelength of light. However, since light is scattered from a large number of particles, each individual particle must move only a small fraction of a wavelength for a cumulative change in the path length to be a full wavelength; DWS can probe motion on very short length scales, from ∼1 nm up to ∼1 μm [6] . At the end, the Brownian motion of probe particles incorporated in the fluid of interest, which does not scatter or absorb light, can be tracked with multiple dynamic light scattering; the particles in the fluid are in a concentration that makes it turbid. Photons are multiply scattered and lose their q-dependence, giving rise to instruments using only transmission or backscattering geometries. The temporal electric field fluctuations of the scattered light emerging from the turbid suspension, characterized by the time-averaged field autocorrelation function (ACF), g 1 t hE0E ti∕ hjE0j 2 i, are connected to the motion of the particles in the fluid. The mean-squared displacement (MSD) of the probe particles can be determined by collecting the scattered intensity from a single speckle of scattered light over a sufficiently long collection period to allow the evaluation of the time-averaged light intensity ACF, g 2 t. This measured ACF is related to g 1 t through the Siegert relation, jg 2 tj 1 βjg 1 tj 2 , where β is an instrumental factor determined by the collection optics [2] [3] [4] . In a transmission geometry, the fluid under investigation with the incorporated particles can be treated as a slab with an infinite transverse extent and a thickness L ≫ l , where l is the transport mean free path. After traveling distance ≈l light is randomized, and the transport of light in a turbid medium can be described by the diffusion approximation [2] [3] [4] . In this case, the expression of the timeaveraged field ACF, g 1 t, is a function of the MSD, the wave vector of the incident light, k 0 , and l , that is, g 1 t g 1 hΔr 2 ti; k 0 ; l [2] [3] [4] . Therefore, the MSD of the particles can be extracted from the experimental measurement of g 1 t, if l is determined with an independent measurement. The MSD as a function of time brings information about the diffusion coefficient of the scattering particles in the fluid that is relevant for understanding the mechanisms that lead to anomalous diffusion and arrested motion common in structured, disordered, and fractal media. DWS has also been used as a noninvasive technique for monitoring biological activity [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] . On the other hand, from the MSD the complex rheological modulus G ω of the fluid can be obtained. This is an important application of the DWS for studying the microrheological properties of macroscopically homogeneous soft matter [6, [18] [19] [20] [21] [22] [23] [24] [25] , such as suspension of colloids, proteins, virus, and wormlike micelle solutions, just to mention a few of them [6, [18] [19] [20] [21] [22] [23] [24] [25] . There have been several improvements of DWS to deal with complex fluids, such as the multispeckle DWS [26] [27] [28] . This method was developed for studying systems with a slowly evolving transient behavior, exhibiting both short and long relaxation times, up to the point that ergodicity of the media cannot be ensured. The use of a CCD camera as a multispeckle light detector allows the simultaneous calculation of several hundreds of correlation functions simultaneously. The multispeckle nature of the CCD camera detector means that a true ensemble average is calculated; no time averaging is necessary. However, present DWS development restrictions do not allow study of liquid systems that absorb or scatter light prior to incorporating the probe particles. Many potential biological systems, magnetic fluids, and suspensions embedded with metal nanoparticles have these features; thus, circumventing these restrictions might widen the use of DWS.
Absorption effects in DWS were first discussed by Weitz and collaborators [3, 4] , who pointed out that absorption exponentially attenuates light paths according to their path length, cutting off the longest paths; however, analytical results were not derived. Soon after, the hypothesis of an exponential attenuation of photon flux along the path length was confirmed by experiments [29] [30] [31] and by Monte Carlo simulations [32] [33] [34] . DWS experiments in conjunction with time-of-flight measurements have allowed estimation of optical absorption in a highly scattering media [35, 36] .
The main goal of this work is to study the effect of absorption in DWS describing the light propagation in a strong scattering media with the proper absorption-dependent diffusive equation. We propose an expression that correctly describes the time fluctuations for the scattered light. This correction was suspected previously, but it was not formally derived from a light diffusive equation. We present experimental results confirming that this formulation correctly describes the time fluctuations of the scattered light, and it is also able to properly extract the dynamics of the scattering particles. The present formulation extends the applicability of DWS to a new variety of systems where absorption cannot be neglected.
Theory

A. DWS without Absorption
In a DWS experiment coherent light is incident on one side of a planar sample of thickness L ≫ l , and the scattered light is collected from a small area on the opposite side. A single photon passing through the sample undergoes numerous scattering events and loses its scattering angle dependence. This leads to instruments using only transmission or backscattering geometries. Photons emerge with a phase that depends of the total path length s. Under the assumption of independence of light paths, the normalized field ACF can be written as [2] [3] [4] 
where Et is the scattered electric field, Ps is the path distribution function of scattered photons, k 0 is the wave number, and hΔr 2 ti is the MSD of the scattering probe particles. In the last expression, we used 2t∕τ k 2 0 hΔr 2 i∕3. These equations can be related to the Brownian diffusion with hΔr 2 i 6D 0 t; D 0 k B T∕6πηa for spherical particles of radius a in a solvent with viscosity η at temperature T.
For length scales greater than l , light transport can be described by the diffusion equation:
where U is the energy density of light, that is, the number of photons per unit volume, and D 1 cl ∕3 is the diffusion coefficient of light [37] [38] [39] [40] , and c is the speed of light in the medium. To calculate Ps in Eq. (1), Eq. (2) should be solved subject to the initial condition Uz; t U 0 δz − z 0 ; t and to the boundary condition for t > 0,
z 0 is the distance into the sample from the incident surface to the place where the diffuse source is located, andn is the outward normal to the surface [4, 41] . Since the net diffusing flux of light exiting the sample is zero, g 1 in transmission geometry can be finally written as
where x k 2 0 hΔr 2 ti 1∕2 and α z 0 ∕l .
B. DWS with Absorption
As pointed out before [3, 4] , absorption alters the distribution of light path lengths Ps, attenuating the longer paths. Consequences of absorption can be easily determined by considering that absorption exponentially attenuates paths according to their path length. Ps is the path length distribution in the absence of absorption. The path length distribution in the presence of absorption will be Ps exp−s∕l a , where l a is the absorption length of the sample; μ a ≡ 1∕l a , where μ a is the absorption coefficient. Therefore, Eq. (1), for the case of a absorbing sample, takes the form
Time delay is shifted in the autocorrelation function by l ∕l a . Although Eq. (5) has been employed before [35, 36] , a relation similar to Eq. (5) was not formally derived. This is of key importance for making microrheological measurements.
To include absorption effects in a DWS experiment, a diffusion equation with an absorption term has to be solved to get a correct path distribution function of scattered photons. Two different approaches can be found in the literature to obtain a diffusion equation for light propagation in a turbid media [37] [38] [39] [40] 42] . Both lead to the same equation, but with different definitions of the diffusion coefficient. In one the diffusion coefficient is independent of the absorption length, D 1 , and in the other D 2 cl l a ∕3. However, Monte Carlo simulations have revealed that the absorption-independent diffusion coefficient D 1 gives better agreement with theory than D 2 [38] . Accordingly, the diffusion equation including absorption effects must be written as
This equation can be derived from the radiative transfer equation by considering a nearly isotropic light distribution and assuming that l a ≫ l [41, 43] . For calculating Ps in transmission geometry, we followed the same line of reasoning given in [3, 4] but using Eq. (6). We will assume that all photons are initially scattered at a depth z 0 comparable with l , so that the initial condition for Eq. (6) is similar to the case of no absorption mentioned above, Uz; t U 0 δz − z 0 ; t. The boundary conditions are also given by Eq. (3) as in the no-absorption case, taking into account that there is no flux of diffusing photons entering or leaving the sample. As above, the field ACF can be calculated directly from the energy density of light in the Laplace domain with
HereŨ is the Laplace transform of U and pt k 2 0 hΔr 2 ti∕3l . The solution of Eq. (6) is of the form U υ ν, where
is the solution to the diffusion equation for an infinite medium that satisfies the mentioned initial condition [43] [44] [45] . In the Laplace domain, Eq. (8) takes the formυ
where q 2 3∕l p μ a . The Laplace transform for the solution of the subsidiary equation for ν is νq A sinhqz B coshqz; (10) where A and B are chosen so that the boundary conditions are satisfied at z 0 and z L. Finally, after long algebraic calculations, the expression for the field ACF, in transmission geometry, can be obtained in the following form:
where [2, 3] or using the approximation expression of the intensity correlation function proposed by Rojas-Ochoa et al. [46] . However, the procedure just explained formally retrieves the correct form of the ACF.
As a consequence, measuring the intensity ACF, g 2 t, for the scattered light of microspheres in random motion embedded in a fluid, and by numerical inversion of Eq. (11), the MSD of the microspheres can be obtained when light absorption in the fluid of interest cannot be neglected. The Siegert relation, g 2 t 1 βjg 1 tj 2 , has to be employed, where β is a correction factor that depends on the geometry, to get the MSD of the particles.
Materials and Methods
A. Materials
Polystyrene microspheres of 140 nm were purchased from Bangs Laboratories Inc. (Fishers, Indiana). The weight concentration of the microsphere vial solutions was obtained by gravimetric measurements after total solvent evaporation on solution aliquots. Milli-Q water (nanopure-UV, USA; 18.3 MΩ) was used for sample preparation. Rectangular glass cells (L 2500 μm) were supplied by Starna Cells Inc. (USA). Specific amounts of a dilute India ink solution (1 wt. %) were added to the microsphere sample solutions as a light-absorbing agent.
B. Optical Parameters Recovery
Reflectance and transmittance measurements were performed on samples with embedded microspheres, where specific quantities of light-absorbing agent were added, using an integrating sphere (Oriel Newport, USA). The integrating sphere employs a photomultiplier tube (Hamamatsu Ltd., Japan) attached at the wall sphere, and laser light at a wavelength of λ 514.5 nm (Coherent Innova 300, Coherent Inc., USA) was employed. Scattering and absorption coefficients (l and l a ) of the samples were recovered using the inverse adding doubling (IAD) method [47, 48] . In the IAD method, a general numerical solution for the radiative transport equation is given through the following steps: (1) A guess for a set of optical parameters is given. (2) The reflection and transmission of the samples are evaluated using the adding doubling method developed by van de Hulst [49, 50] . (3) Transmission and reflectance are compared with the experimental measurements. (4) If the match is not good enough, the set of optical parameters is modified using a minimization algorithm. This process is iteratively followed until a match with the experimental measurements at some specific level is made. IAD also takes into account several features experimentally difficult to assess, such as light lost out the edges and nonlinear effects in the integrating sphere measurements [48] . The results were compared with predictions coming from Mie's theory for the scattering coefficient, calculated from the estimated volume fraction taking into account the weighted amounts of water and polystyrene particles added to the solution [41, 43] ; the refractive index of particles 1.59. In addition, a direct Monte Carlo simulation using a modified version of the Monte Carlo multilayer algorithm [51] was employed, allowing us to calculate the light lost by the edges of the sample as well as the amount of light absorbed by the sample. A second method for optical parameter recovery was used to estimate the scattering coefficient based on the light diffusion approximation without absorption [52] . However, their results completely fail with respect to the Mie's theory.
C. DWS
Our experimental setup is described elsewhere [53] ; here just a brief description is given based on Fig. 1 . Light from a laser (Coherent Innova 300, Coherent Inc., USA) is filtered and expanded to ensure the plane wave approximation and subsequently sent at normal incidence on the sample kept in a temperature-controlled bath. All measurements were made at a temperature of 25°C. Scattered light is collected by photomultiplier tubes (Thorn EMI, England) through an optical fiber (OZoptics Inc., USA). Preamplifiers and a ALV/5000E multi-tau correlator (ALV GmbH, Germany) convert signals into transistor-transistor logic (TTL) pulses and compute the intensity correlation functions in cross correlation, respectively. Typical acquiring times are around 1800 s. Figure 2 shows an example for total reflectance, transmittance, lateral escape, and absorption as a function of l a for five samples where small amounts of India ink solution were added to increase their absorption. The samples were prepared for tentatively different l i ranging approximately from 100 to 250 μm. Actual recovered values will be presented below. For all cases, L∕l ≥ 10 to ensure that the diffusion approximation for light propagation within the sample always holds [43] . l a was recovered from reflectance and transmittance measurements using the integrating sphere [47, 48] . Absorption-free samples have an absorption length of around 30,000 mm; the uncertainty of this value is large using our procedure; however, this value roughly corresponds to water absorption [54] . Absorption and lateral escape were estimated using the Monte Carlo algorithm mentioned above. In a scattering medium without absorption, a decrease in the transmittance is related to a decrease in the transport mean free path, but reflectance increases proportionally in such a way that R T remains mostly unchanged. In a scattering and absorbing turbid medium, by increasing absorption thorough increasing the concentration of the absorbing agent, the reflectance and transmittance decrease, no matter the approximate value of l , as observed in Fig. 2 . As expected, absorption increases as the added India ink increases, up to a value of 60% for sample E and l a 4.1 mm. Lateral escape decreases with the increase of the absorption agent in a similar way to transmittance, and apparently it is not sensitive to the l value. Figure 3 shows recovered values of l as a function of recovered values of l a for the samples presented in Fig. 2 . Filled symbols correspond to the optical parameters recovered with IAD [48] , and dashed lines correspond to Mie predictions for l obtained from the microsphere volume fraction of the samples [41, 43] . In samples with a higher absorption coefficient, the corresponding added volume of ink solution was taken into account to carry out the Mie calculation. As can be observed, recovered l values using the IAD method agree with Mie's theory within the experimental error, except for the case of l for l a 16.5 mm in the sample labeled as C; this value seems abnormally above the Mie prediction. This might correspond to a laser misalignment during the total transmittance measurement, because it is the only measurement far away from Mie's theory. Figure 4 (a) shows an example of the normalized ACFs for the scattered light coming from solutions of microspheres that contain different absorbing agent concentrations. The curves span from a solution with no added absorbing agent (l a ≈ 30;000 mm) up to a sample with a l a 4.1 mm and with a transport mean free path of l ≈ 250 μm. As expected, the time delay in the correlation functions shifts to longer Fig. 1 . Experimental setup: 1, Ar laser; 2 and 3, beam expander; 4, movable mirror; 5, attenuator; 6, integrating sphere; 7, detector; 8, voltmeter; 9, polarizer; 10, thermal bath; 11, sample; 12, lens; 13, optical fiber; 14 and 15, photomultiplier tube; 16, computer with correlator. Fig. 2 . Reflectance, transmittance, lateral escape, and absorption as functions of l a , where ∼5 μl of a dilute 1% solution of India ink was added successively to all the samples starting from right to left. Ink was not added to the first point of each curve. Fig. 3 . l recovered using IAD with reflectance and transmittance measurements, and predictions of Mie's theory. times as absorption increases. We found a similar trend in all measured samples, no matter the transport mean free path (data not shown). Figure 4 (b) presents the wrong MSD, which would be obtained by numerical inversion of Eq. (4) using the ACFs shown in Fig. 4(a) . If the data are not corrected by the absorption contribution, the shift in ACF delay time would be interpreted in DWS as a change in the colloidal dynamics of the scattering particles.
Results and Discussion
To make more clear how the correlation function is modified due to absorption, from the correlation functions of Fig. 4 , we measured the time lag difference from the absorbing samples at a high of g 2 t 0.2, and a chart was made for this time lag, t lag versus l a ; see Fig. 5 . For particles diffusing in Brownian motion, the time delay shift is inversely proportional to l a [see Eq. (5)]; this is the trend observed in Fig. 5 . From the time delay shift, some authors have estimated the transport mean free path and/or the absorption length by computing the distribution of paths of length s, that is, Ps [35, 36] ; this technique is called diffusing wave absorption spectroscopy. Our data can be analyzed in a similar way; however, the applicability of this technique is restricted to particles diffusing in Brownian motion, where the absorption effects in DWS are just seen as a time delay shift inversely proportional to the absorption length. However, Eq. (11) is general and can be used for extracting the MSD from any turbid absorbing medium.
By including in DWS experiments absorption effects, as in Eq. (11), the true MSDs can be calculated from the experimental intensity ACFs presented in Fig. 4 . The corrected MSD versus t curves for l ≈140 μm are shown in Fig. 6(a) , and in Fig. 6(b) for l ≈250 μm. As can be seen, this version of DWS that includes absorption gives the same MSD for particles in Brownian motion no matter the absorption length; this is valid for l ≈100, 170, and 200 μm (data not shown). However for the sample with l ≈250 μm, some differences in the MSD are observed in the samples with a higher concentration of absorbing agent. In particular, for l a 6.1 mm, the MSD not only shifts to longer times, but it presents an inflexion point. The diffusion approximation for light propagation is adequate for a scattering turbid medium, with l a ≫ l . This occurs for the samples in Fig. 6(b) , where l a ∕l > 66 and L∕l > 10. However, for the samples in Fig. 6(a) , we found that when l a ∕l ≤ 24 and L∕l ∼ 10, that is, close to the limit of validity of the diffusion approximation, our correction fails. In this case, we suspect that the diffusion approximation is no longer valid for modeling light in this turbid medium. We set the turning point of our experiments at approximately l a ∕l ≥ 10 and L∕l > 10. About the discussion related to the diffusion equation involving a diffusion coefficient independent of the absorption, D 1 , or dependent on the absorption [D 2 cl l a ∕3], mentioned above, it is important to mention that we made a comparison for g 2 t calculated using both expressions of the diffusion coefficient. The difference is negligible since l a ≫ l .
Conclusion
The colloidal dynamics in complex fluids with absorption using DWS seem to be slower, thus producing incorrect microrheology results if corrections are not considered. By increasing absorption, the ACF of the scattered light shifts to longer lag times because of the attenuation of the long paths of photons. As expected, the time lag shift is inversely proportional to the absorption length. Absorption can be included straightforwardly using a proper diffusion equation for the photon propagation. The path distribution function is attenuated exponentially with respect to the case of no absorption. Here, we proposed an expression for the time-averaged light intensity ACF that correctly describes the time fluctuations, where the diffusion approximation accurately describes the light propagation within the sample. The time fluctuations of the scattered light were related to the MSD of the embedded particles. The correct colloidal dynamics in the turbid medium were evaluated and experimentally assessed. This result extends the applicability of DWS for systems where absorption cannot be neglected, and it opens the possibility of doing microrheology with this optical method in systems where absorption cannot be avoided.
